A pot experiment was carried out to determine the effect of soil (loamy sand and sandy loam) contamination with copper doses of 0, 150, 450 mg Cu⋅kg -1 d.m. soil on the activity of β-glucosidase (EC 3.2.1.21), acid phosphatase (EC 3.1.3.2), alkaline phosphatase (EC 3.1.3.1) and arylsulfatase (EC 3.1.6.1) in soil. The resistance of these enzymes to copper pollution was also estimated. Soil samples were contaminated with copper chloride. The experiment was carried out in five replications, in two series. The first series was performed on uncropped soil and the second one -on cropped soil. The experimental plants were oat, spring rape and yellow lupine. The activity of soil enzymes was determined in the analyzed samples on the 25 th and the 50 th day of the experiment.
INTRODUCTION
Copper is a biogenic element, whose small quantities are necessary for proper functions of live organisms, while high copper doses can be toxic. In Poland, soils containing excessive levels of this metal are rare and can be found mostly in southern parts of the country, especially in Silesia and Ma³opolska. In 2005, a monitoring study was completed, which revealed that the distribution of soil falling into different copper contamination categories had not changed significantly since the previous years, i.e. 0º degree of contamination was determined in 95.9% soils, I o -in 2.7%, II o -in 0.5%, III o -0%, IV o -0.9% and V o -0% (TERELAK et al. 2008 ). The highest level of copper pollution is noticed in the vicinity of copper plants, where soil is strongly degraded and difficult to reclaim. For this reason, the accumulation of heavy metals, including copper, in surface soil layers is highly dangerous because it disrupts the soil metabolism (DE BROUWERE et al. 2007 , MERTENS et al. 2007 , OLIVEIRA, PAMPULHA 2006 , WYSZKOWSKA et al. 2005b ).
If excessive quantities of heavy metals reach the soil, they have a strongly toxic effect on soil microbes and inhibit the activity of soil enzymes (RENELLA et al. 2005 , MIKANOVA et al. 2001 , KUCHARSKI, WYSZKOWSKA 2004 . Soil contamination with heavy metals slows down many biological processes. It affects populations and species diversity of macro-and microorganisms as well as soil's enzymatic activity (BIELIÑSKA 2005 , WELP 1999 , WYSZKOWSKA et al. 2005b , WYSZKOWSKA et al. 2005a , ZHENG et al. 1999 ). The destructive effect of heavy metals on the microbiological and biochemical properties of soil is modified by the soil's granulometric composition, pH, organic content and sorptive capacity (MORENO et al. 2001) .
The objective of this study was to determine the effect of copper contamination of soil characterized by different grain size distribution on the activity of b-glucosidase, acid phosphatase, alkaline phosphatase and arylsulfatase, and to estimate the resistance of these enzymes to excessive copper concentrations in soil. The study was carried out as part of research project No N N305 2258 33 supported by the Ministry for Science and Higher Education.
MATERIALS AND METHODS
The experiment was conducted in polyethylene pots (in five replications) in a greenhouse of the University of Warmia and Mazury in Olsztyn, Soil samples collected from the humus horizon were analyzed. In the natural state, they consisted of: 1) typical brown soil developed from loamy sand (pH in 1 mol KCl⋅dm -3 -6.70; hydrolytic acidity -7.8 mmol(+) kg -1 ; total exchangeable cations -98 mmol(+)⋅kg -1 ; exchange capacity of adsorption complex -105.8 mmol(+) kg -1 ; base saturation -92.6%; content of: C org -11.0 g⋅kg -1 , K -180 mg⋅kg -1 , Mg -80 mg⋅kg -1 , Ca -1.43 g⋅kg -1 , Na -28 mg⋅kg -1 and N -0.97 g⋅kg -1 );
2) typical brown soil developed from sandy loam (pH in 1 mol KCl⋅dm -3 -6.80; hydrolytic acidity -5.2 mmol(+) kg -1 ; total exchangeable cations -80.0 mmol(+)⋅kg -1 ; exchange capacity of adsorption complex -85.2 mmol(+) kg -1 ; base saturation -93.9 %; content of: C org -9.9 g⋅kg -1 , K -168 mg⋅kg -1 , Mg -50 mg⋅kg -1 , Ca -2.21 g⋅kg -1 , Na -57 mg⋅kg -1 and N -1.14 g⋅kg -1 );
The grain size composition of the above soils is presented in Table 1 . Soil was contaminated with copper in the form of CuCl 2 ⋅2H 2 O in the amount of 0, 150, 450 mg Cu⋅kg -1 d.m. soil. The first dose (150 mg⋅kg -1 ) was equivalent to the maximum admissible copper dose stated in the Regulation of the Minister for the Environment of 9 September 2002 (Regulation of the Minister for the Environment, 2002, Journal of Laws 02.165.1359). Soil samples were passed through through a 1 cm mesh sieve, mixed with mineral fertilizer and, in selected treatments, with copper chloride; afterwards, they were placed in pots. Macronutrients were added to all pots in the following doses (as pure substance per mg⋅kg -1 soil): N -100 (yellow lupine was not fertilized with nitrogen), P -35, K -100, Mg -20. Nitrogen was applied in the form of CO(NH 2 ) 2 , phosphorus -KH 2 PO 4 , potassium -KH 2 PO 4 + KCl and magnesium -MgSO 4 ⋅7H 2 O. Soil samples weighing 3 kg each were placed in pots, and the moisture content of soil was brought to 60% capillary water capacity. The samples were planted with oat cv. Kasztan, spring rape cv. Huzar and yellow lupine cv. Mister. The plants were thinned after emergence, and the following number of plants were left in pots: oat -12, spring rape -8 and yellow lupine -5. A control series of uncropped soil samples was established to support the determination of copper's effect on soil enzymes. The moisture content of soil was maintained at 60% capillary water capacity throughout the entire experiment (50 days).
The activity of the investigated enzymes: β-glucosidase (EC 3.2.1.21), acid phosphatase (EC 3.1.3.2), alkaline phosphatase (EC 3.1.3.1) and arylsulfatase (EC 3.1.6.1), was determined twice during the experiment (on day 25 and 50) in three successive replications. The above enzymes were determined in line with the procedure described by ALEF AND NANNPIERI (1998). Their resistance to soil contamination with copper was estimated by the method proposed by ORWIN and WARDLE (2004) .
The results were processed statistically with the use of Duncan's multiple range test. Statistical analysis was performed with the Statistica application (StatSoft, Inc. 2006).
RESULTS AND DISCUSSION
The results of the study indicate that soil contamination with copper affected the soil's biological balance measured by the activity of β-glucosidase, acid phosphatase, alkaline phosphatase and arylsulfatase (Tables 2-9 ). Disturbances in the soil's homeostasis were dependent on several factors, including the applied metal dose and cultivated plant species (Table 2 ). In unpolluted soil samples, the highest levels of β-glucosidase activity were noted in treatments sown with oat, alkaline phosphatase -in treatments sown with spring rape, acid phosphatase and arylsulfatase -in pots cropped with yellow lupine. The lowest activity of β-glucosidase was observed in soil samples sown with yellow lupine, acid phosphatase, alkaline phosphatase and arylsulfatase -in treatments sown with oat. Although β-glucosidase, acid phosphatase, alkaline phosphatase and arylsulfatase are members of the same enzyme group, they responded differently to copper pollution even in soil samples contaminated with the copper doses which are admissible by
the Resolution of the Minister of the Environment. Copper contamination affected the activity of β-glucosidase, acid phosphatase, alkaline phosphatase and arylsulfatase. The sensitivity of the tested enzymes to the highest copper dose (450 mg kg -1 d.m. soil) was determined in the following order: arylsulfatase (decrease in activity by 66% in pots sown with yellow lupine) > alkaline phosphatase (decrease of 55% in treatments planted with oat) > acid phosphatase (decrease of 53% in pots cropped with oat) > β-glucosidase (decrease of 31% in treatments sown with spring rape). The above enzymes showed different resistance to the inhibitory effect of copper, subject to the crop species (Table 3) . β-glucosidase was most resistant in soil sown with oat, acid phosphatase and alkaline phosphatase -in soil sown with yellow lupine, and arylsulfatase -in soil planted with spring rape.
The strength and direction of copper's adverse effect on enzymes was determined not only by the level of contamination and the cultivated plant species, but also by the type of soil use and management (Table 4) . Regardless of the degree of soil's contamination with copper, on average, higher levels of β-glucosidase, alkaline phosphatase and arylsulfatase were deter- 
mined in cropped than in uncropped soil. The average activity of acid phosphatase was comparable in both series. β-glucosidase, acid phosphatase and arylsulfatase were more resistant to copper's inhibitory effect in uncropped than in cropped soil (Table 5) , whereas the average resistance of alkaline phosphatase to copper was similar in both series.
Soil type was an important factor which modified soil's enzymatic activity ( Table 6 ). All of the tested enzymes were marked by higher levels of activity in sandy loam than in loamy sand, but the presence of copper was more likely to affect the reactions catalyzed by the tested enzymes in loamy sand. In loamy sand samples, a copper dose of 450 mg kg -1 lowered the activity of alkaline phosphatase by 68%, arylsulfatase -by 60%, acid phosphatase by 50% and β-glucosidase by 33%. In sandy loam, the investigated pollutant lowered the activity of alkaline phosphatase by 41%, arylsulfatase -by 56%, acid phosphatase by 29% and β-glucosidase by 19%. In sandy loam samples, acid phosphatase, alkaline phosphatase and arylsulfatase were more resistant to copper's inhibitory effect, whereas in loamy sand, the above was observed for β-glucosidase (Table 7) .
Our analysis of another experimental variable, i.e. copper persistence, revealed that the average activity of acid phosphatase and arylsulfatase was higher on experimental day 25, and the activity of β-glucosidase and alkaline phosphatase on the day 50 ( Table 8 ). The highest difference was noted in respect of β-glucosidase, whose activity on day 50 was 66% higher than on day 25, as well as acid phosphatase, whose activity was 35% higher on day 25. On the 25 th day of copper deposition in soil, the average resistance rate of β-glucosidase was 0.440, acid phosphatase -0.567, alkaline phosphatase -0.405 and arylsulfatase -0.501. On the 50 th day of the experiment, the following resistance rates were noted: 0.693, 0.480, 0.453 and 0.433, respectively (Table 9) . Copper's inhibitory effect on the activity of all the analyzed soil enzymes was also noted in our previous study (WYSZKOWSKA et al. 2005a,b) as well as in experiments performed by other authors (GILLER et al. 1998 , GULSER et al. 2008 , KARLEN et al. 2003 , SCHOENHOLTZ et al. 2000 . The inhibitory effect of soil contamination with copper on enzymatic activity could be due to copper's indirect toxic influence on microbial proliferation (GILLER et al. 1998 
CONCLUSIONS
1. Copper contamination in doses of 150 mg to 450 mg⋅kg -1 soil significantly inhibits soil's biochemical activity. The sensitivity of the tested enzymes to copper was determined in the following order: alkaline phosphatase > arylsulfatase > acid phosphatase > β-glucosidase.
2. The resistance of the enzymes to copper depended on the cultivated plant species, soil type and the type of soil use and management. In samples of sandy loam, copper induced the smallest change in the activity of acid phosphatase and alkaline phosphatase, and in loamy sand -β-glucosidase and arylsulfatase proved to be most resistant to the tested pollutant. In uncropped soil, copper least altered the activity of arylsulfatase and acid phosphatase. All the tested enzymes were less resistant to copper contamination in cropped than in uncropped soil. In soil planted with oat, the enzyme most resistant to copper contamination was β-glucosidase, while aryl-sulfatase was the least resistant. In samples sown with spring rape, the analogous enzymes were arylsulfatase and alkaline phosphatase, and in yellow lupine treatments, alkaline phosphatase was the most resistant and β-glucosidase was the least resistant enzyme.
